To establish non-viral 
Introduction
Non-viral gene delivery systems have many advantages over viral vectors in terms of safety, immunogenicity, and ease of manufacture. [1] [2] [3] [4] In order to have efficient gene delivery to target cells remote from the site of intravenous injection, some consideration must be given to the design of the vectors. Naked plasmid has limited potency as a vector for intravenous administration due to its rapid clearance from the liver. 5 The uptake of naked DNA was thought to be by non-parenchymal cells via interaction of DNA with scavenger receptors for polyanions. It was suggested that it would be necessary to neutralize the anionic nature of DNA to avoid uptake by non-parenchymal cells. In the design of non-viral gene delivery systems, synthetic compounds have been developed that mimic components of viruses as models for efficient DNA delivery. Viral particles have an intrinsic ability to condense viral nucleic acids, bind to specific receptors on the surface of target cells, internalize into the cells and translocate to nucleus. Thus, an ideal non-viral gene delivery system should have these features. Polyion complexes (PIC) of DNA with cationic polymers are considered to be one of the most promising candidates for non-viral gene delivery systems. [6] [7] [8] [9] Positively charged complexes are efficient for in vitro gene delivery. However, their therapeutic use is strongly restricted due to the sist as an intact molecule in the blood stream using this system. Though rapid pharmacokinetics and clearance of PIC following intravenous administration. 10 This problem is due to both the particle size and surface charge of the delivery system. 11 Positively charged DNA complexes can bind to proteins in the plasma or erythrocytes and form aggregates, 12, 13 which may be cleared rapidly by non-target cells such as the reticuloendothelial system. Since charge neutralized PIC have problems with solubility, PIC with cationic block copolymer possessing a hydrophilic segment, poly(ethylene glycol) (PEG) have been developed. The complexes of DNA and block copolymer form selfassembling particles with a core-shell structure. In the field of polymer chemistry, polymer associates in solution phase with definite size and appreciable stability are generally termed as 'polymeric micelles'. Thus, the term 'polyion complex micelles' or 'PIC micelles' is used here to describe the self-assembling particles formed through electrostatic interaction as a main driving force. The physicochemical characteristics of PIC micelles have been reported as water-soluble and nuclease-resistant nanoparticles, which are the features required for in vivo gene delivery. [14] [15] [16] [17] [18] [19] In order to make use of PIC micelles as in vivo gene delivery systems, it is important to study their pharmacokinetics and find the most stable condition for use in vivo.
In this study, we report the plasma kinetics of PIC micelles having various negative and positive charge ratios, and different PLL chain length. The most stable conditions of the PIC micelles for intravenous administration were determined. Intact DNA was observed in the blood up to 3 h after intravenous administration of optimized PIC micelles. Though the PIC micelles have no ligands, they are able to transfect into HepG2 cells and showed significant gene expression. For in vivo transfection, supramesenteric injection of PIC micellar vector with optimized composition showed significant gene expression in the liver.
Results
Electron microscopic examinations of PIC micelles PIC micelles were synthesized by mixing plasmid DNA (pGL3-Control) and PEG-PLL (48 mer) block copolymer at different charge ratios. Electron microscopic examinations of representative PIC micelles are shown in Figure  1 . PIC micelles with charge ratios of 1:2 ( Figure 1a ) and 1:4 ( Figure 1b) showed small, spherical particles. The average diameters of the particles are 34.5 ± 9.6 and 31.0 ± 4.1 for PIC micelles with charge ratios of 1:2 and 1:4, respectively.
DLS measurements of PIC micelles
Cumulative diameters of the PIC micelles (48 mer of PLL) synthesized in different charge ratios of DNA were measured by DLS (Table 1) . PIC micelles having the charge ratios of 1:1 showed the largest particles whereas that of 1:3-1:5 showed smaller particles. The diameters of the PIC micelles measured by DLS are appreciably larger than that measured by electron microscopy.
Laser doppler electrophoresis measurements of PIC micelles
The -potentials of PIC micelles with different charge ratios were calculated and shown in Table 1 . Although PIC micelles having higher molar ratios of PLL contain excess cationic charge, they showed small absolute values of -potentials. observable luciferase activity. Naked DNA and PIC micelles having the charge ratio of 1:0 and 1:1 failed to show any luciferase acitivity even in the presence of chloroquine. Although the PIC micelles have no targeting ligand, considerable expression of the reporter gene was observed in a range of certain charge ratios. In order to see how the PIC micelles were transfected, the effect of pre-incubation of block copolymer on gene expression was examined (Figure 3 ). Pre-incubation of block copolymer inhibited gene expression in a dose-dependent manner, while viability of the cells was unchanged in any dose of copolymer. It was suggested that adsorption of block copolymer to the cell surface blocked the interaction site of the PIC micelles.
Gene delivery and expression
To evaluate PIC micelles as vectors for gene therapy, the in vivo stability and pharmacokinetics were studied. When naked plasmid DNA (luciferase gene) was injected into mice via tail vein, most of the DNA was degraded in the blood within 5 min and could be detected as smears by Southern blotting (Figure 4a Figure 4f ). In order to determine which ratios of DNA and PLL offered the most stable condition in the blood stream, PIC micelles with different charge ratios were injected. The blood samples were obtained 15 min after administration and subjected to Southern blotting. In samples injected with PIC micelles with charge ratios of DNA:PLL = 1:4, 1:6, 1:8 the DNA was supercoiled, open circular and linear DNA, while those injected with PIC micelles with charge ratios of 1:2, the DNA was detected as open circular and linear DNA ( Figure 5 ). It was suggested that PIC micelles with charge ratios of 1:4 to 1:8 are more stable than others. PIC micelles consisting of shorter chain length of PLL are considered to have more PEG in one molecule and may show higher stability. On the other hand, the binding stability of shorter chain length of PLL to DNA may be low. To see how PIC micelles with shorter PLL chain length affect the stability in the blood stream, PIC micelles with 19 mer of PLLs were injected. After 15 min, blood samples were obtained and processed to detect presence of the reporter gene construct ( Figure 6 ). All the samples obtained had no supercoiled DNA, which suggests that PIC micelles with shorter PLL chain length are less stable than those with longer ones. It was suggested that the DNA complexes with charge ratios of 1:4 or more and 48 mer PLLs were the most stable in vivo. PIC micelles without ligand were successfully transfected in vitro. In vivo gene transfer was tested by injection of PIC micelles. PIC micelles with luciferase gene construct (charge ratio = 1:1, 1:2, 1:4 or 1:6) were injected into mice via the supra-mesenteric vein. After 2 days, liver, spleen, kidney, lung and heart were homogenized and analyzed for luciferase activity. Significant luciferase activity was detected only in the liver of mice into which DNA complexes with charge ratios of 1:4 were injected ( Figure 7) . The gene expression in vivo was observed until 3 days after gene transfer (Figure 8 ).
Figure 4 Southern blot time course of plasmid persistence in blood (a, e), liver (b, f), lung (c, g) and spleen (d, h) after intravenous administration of naked DNA (pGL3-control) (a, b, c, d) and PIC micelles consisting of pGL3-control plasmid and PEG-PLL block copolymer with a charge ratio of 1:4 (e, f, g, h

Discussion
Techniques for therapeutic application of DNA have been developed using viral and non-viral vectors. Viral vectors such as retrovirus or adenovirus are most commonly used, and their in vitro transfection efficiency is high. However, the use of viral vectors in clinical treatment has problems related to the risk of an immune response against viral particles, the possibility of recombination with endogenous viruses, as well as oncogene effects. The protocol with lipofection seems to be most promising, 20 but this also has some problems involving cytotoxicity. 21 The approach employing PIC is an attractive alternative for targeted gene delivery systems. Intravenous administration of polymer particles is often accompanied by interactions with blood components such as IgM, fibrinogen, fibronectin and complement C3. 12 The opsonization of particles with plasma proteins induces rapid clearance by the reticuloendothelial systems. 22 To avoid these undesired interactions, shielding the surface of polymer particle with hydrophilic polymers such as PEG is considered to be effective. 23, 24 Modifications of peptides or proteins with PEG increase their stability and solubility in the blood and can increase their potency. 25, 26 It has already been reported that PIC micelles of DNA with PEG-PLL are highly water soluble, and form nuclease resistant nanoparticles. 18 Moreover, addition of PEG was reported to have reduced cytotoxicity compared with polycation homopolymer. 27 In this paper, we investigate the characteristics of PIC micelles having different charges. PIC micelles having the charge ratios of 1:2 and 1:4 showed small, spherical particles with 30-40 nm diameters as measured by electron microscopy. The sizes of the particles are much smaller than those measured by dynamic light scattering ( Table 1) . As is often the case with polymeric micelles composed of dense core surrounded by solvated and expanded shell, 28 this apparent discrepancy may be due to the core-shell architecture of the PIC micelles. Since the PEG portion of the PIC micelles may not be stained with uranyl acetate, the particles in the picture of electron microscopy show only the core portion of the micelles. On the other hand, diffusion constant of the PIC micelles is measured by dynamic light scattering (DLS), suggesting that the values correspond to the diameter of PIC micelles including corona thickness consisting of PEG. This hypothesis is supported by the fact that the PEG having a molecular weight of 12 000 in the micelles shows conformation ranging from random coil to stretched form, and the thickness of the micelle corona made by PEG was calculated to be in the range of 16-26 nm in our previous study. 29 Despite having no ligands, PIC micelles with charge ratios of 1:2 and 1:4 were transfected into HepG2 cells efficiently in the presence of 100 M of chloroquine. Preincubation of the cells with free block copolymer inhibited expression of the reporter gene, suggesting that adhesion of block copolymer to the cell surface via electrostatic interaction blocked the interaction site of the PIC micelles, and in turn, the driving force of the transfection to be the electrostatic interaction. Toxic effect of free block copolymer in the medium may not be a reason for this reduced transfection because, as described in Results, viability was unchanged even when cells were incubated with excess free block copolymers. The transfection efficiency of PIC micelles with charge ratios of 1:6 was lower than that of 1:2 and 1:4. This may be due to the existence of polymers which are not involved in the micelle and may interfere with the binding of the micelles to the cell surface.
Gene Therapy
The final goal of this project is to establish targeted gene delivery systems by intravenous administration. Stable conditions of the PIC micelles in the blood stream should be researched. After intravenous administration of naked DNA, most of the DNA was degraded into small fragments within 5 min and was seen as smears. This is in line with an observation reported by Lew et al. 30 On the other hand, PIC micelles with charge ratios of 1:4 and PLL length of 48 mer showed longer retention time in the blood as supercoiled DNA (30 min 32 also reported that complexes of block copolymers with supercoiled DNA are more susceptible to make complex with block cationomer than linear DNA, suggesting supercoiled DNA to form polyplex with higher stability than linear DNA. 32 On the other hand, in our study, most complexed DNA molecules are in the supercoiled state at the beginning, being subjected to gradual attack by plasma nuclease during blood circulation converted into open circular and subsequently into linear form. Thus, eventually, a fraction of linear DNA accumulates in time-dependent manner. This may be a reason for the apparent increase of linear DNA in the blood sample collected in the later time period, and is not necessarily inconsistent with observation by Ward et al 31 and Bronich et al. 32 No small fragments of DNA were observed in any of the samples, suggesting that DNA in the PIC micelles is nuclease resistant in the blood. The results are in good agreement with the in vitro data previously described which showed resistance of PIC micelles to Dnase I. 19 Southern blot time course of DNA and VCL-1005 (cationic lipid), reported by Lew et al, 30 showed degradation of DNA into smears in the blood after 5 min of injection. After 30 min, DNA disappeared completely. Pharmacokinetics of DNA complexed with triantennary glycopeptide (Tri-CWK 18 ) or alkylated glycopeptide (Alk-CWK 18 ) was reported by Collard et al. 33 The electrophoretic analysis of the polyplex was completely fragmented within 6 min of administration, which was similar to that of naked DNA, indicating that neither Alk-CWK 18 nor Tri-CWK 18 protected DNA from endonucleases in the blood. It was suggested that compared with cationic lipid or other polyplex, PIC micelles in the present study are extremely stable in blood circulation.
To search for the most stable configuration of PIC micelles, PIC micelles with different charge ratios were tested in an in vivo turnover study. PIC micelles with charge ratios of 1:1 or 1:2 showed lower stability than those with ratios of 1:4-1:8. This may be due to the fact that the particle sizes of the PIC micelles with charge ratios of 1:1 and 1:2 are larger than those with ratios of 1:4, though the -potentials were not so different (Table  1) . PIC micelles having shorter PLL chain length (19 mer) were also tested. These showed lower stability in the blood than that of the longer one, although the association number of PEG in PIC micelles has higher value. The PIC micelles with longer PLL chain length (48 mer) have greater stability suggesting that the binding stability between DNA and PLL is an important factor for determining overall stable configurations for PIC micelles. Ogris et al 12 reported that PEGylated DNA transferring-PEI complexes have reduced interaction with blood components and extended circulation in blood. On the other hand, Mullen et al 34 reported that circulation time of PEGylated polyplex is shorter than that of polyplex. The polyplex with PL-PEG or PL-PEG-C 12 reported by Mullen et al 34 are more nuclease-sensitive than that without PEG, suggesting that the structure of their polyplex may be different from that of the PIC micelles in the present report. Note that susceptibility to nuclease attack was appreciably decreased for DNA entrapped into our PIC micelles made from block copolymer. This difference in nuclease sensitivity may be in line with a distinct clearance profile of complexed DNA.
To test the PIC micelles as a vector for an in vivo gene transfer, they were injected into mice via the supramesenteric vein. Injection of PIC micelles having the most stable condition in vivo showed significant gene expression only in the liver. It should be noted that cultured HepG2 did not show any gene expression by PIC micelles in the absence of chloroquine. Thus, the present result obtained for liver in vivo without any use of chloroquine is inconsistent with in vitro gene expression results using cultured HepG2 cells. We still do not have reasonable explanation for this discrepancy as is sometimes observed for non-viral vector systems such as polyethylenimine. 35 Presumably, primary liver cells and lined HepG2 cells may have different cellular metabolism. Furthermore, in vitro cell culture condition has quite different circumstances from in vivo. There is no three-dimensional system, no circulation of blood, no interaction of other cells, etc. These differences in microenvironments may also affect an efficacy of gene expression.
In vivo expression pattern among tissues by PIC micelles is completely different from cationic liposome based vectors which have expression activity predominantly in lung. [36] [37] [38] [39] Cationic liposomes give much higher positive potential (19-28 mV) and larger particle size, 40 which may give a substantially different pharmacokinetic pattern from our results. Nguyen et al 39 reported in vivo gene expression after intravenous injection of polyetherpolyethyleneimine graft copolymer-DNA complexes. The graft copolymer-DNA complexes are small particles with a very small absolute value in zeta-potential, of which characteristics are similar to that of PIC micelles in the present study. The amount of gene expression by PIC micelles was similar to that of polyether-polyethyleneimine graft copolymer-DNA complexes, 39 polyplex 31 or liposome-based vectors.
In this paper, we defined stable configurations for the intravenous administration of PIC micelles. PIC micelles with charge ratios of 1:4 and PLL chain length of 48 mer showed longer retention time than other condition tested. We also described nature of the PIC micelles which results in the most efficient transfection in vitro and in vivo, suggesting that this gene delivery system is an intrinsically effective method. The major goal of gene therapy project is to achieve targeted gene delivery. The addition of cell-specific ligands to PEG or polymer is needed. Choi et al 41 reported in vitro study of lactosepoly(ethylene glycol)-grafted poly-L-lysine to target hepatoma cells. Ogris et al 12 reported that PEGylated DNA/transferrin-PEI was able to target tumor tissue by injection into tail vein of mice. Kwoh et al 42 tried to target liver by asialoorosomucoid-PLL polyplexes. Based on these findings, ligand introduction into the periphery of PEG shell of PIC micelle vector presented here would be promising to achieve targeted gene delivery in vivo, and research in this direction is now ongoing in our laboratories.
Materials and methods
Materials
High molecular weight poly(L-lysine) hydrobromide (48 mer) and low molecular weight poly(L-lysine) hydrobromide (19 mer) were purchased from Sigma Chemical (St Louis, MO, USA) and used without further purification. Alpha-methyl-omega-amino poly(ethylene glycol) (PEG) (MW = 12 000) was a kind gift from Nippon Oil and Fats, Tokyo, Japan. The PEG-PLL block copolymer was prepared as described earlier.
14 PIC micelles were prepared by mixing DNA and PEG-PLL block copolymer in 20 mM Hepes buffered saline (pH 7.4).
Electron microscopy PIC micelle samples were applied for 3 min to a copper electron microscope grid containing a carbon film, blotted, washed with distilled water and stained by 2% uranyl acetate. After drying at room temperature, the samples were subjected to be examined in a JEOL-100C microscope. 43 
Dynamic light scattering (DLS) and laser-doppler electrophoresis measurements of PIC micelles
DLS measurements were carried out using a DLS-700 instrument (Otsuka Electronics, Tokyo, Japan). An Ar ion laser ( 0 = 488 nm) was used as the incident beam. The sample was prepared by direct mixing of DNA solution and PEG-PLL in 10 mM sodium phosphate buffer (pH 7.4) containing 150 mM NaCl. The DNA concentration of the mixture was then adjusted to 25 g/ml for DLS measurement. Laser-doppler electrophoresis measurements of the complex associates were carried out using an ELS-800 instrument (Otsuka Electronics) in 10 mM phosphate buffer (pH 7.4). The zeta-potential () was calculated according to the Smoluchouski equation as = 4u/, where is the viscosity of the solution, u is the electrophoretic mobility, and is the dielectric constant of the solvent.
Cell culture and transfection
HepG2 cells were grown in S-MEM (Gibco BRL, Grand Island, NY, USA) containing 10% fetal calf serum, penicillin (100 units/ml), and streptomycin (100 g/ml). Transfections were performed in six-well dishes in 2 ml of OPTI-MEM in the presence of 100 M chloroquine.
In vivo distribution experiment PIC micelles carrying pGL3-control (Promega, Madison, WI, USA) were administered to male balb/c mice via the tail vein. Blood samples were collected from the vena cava under pentobarbital anesthesia at 5, 15, 30, 60, 180 and 360 min. Two hundred l of blood was immediately mixed with EDTA to a final concentration of 100 mM in microfuge tubes and frozen in liquid nitrogen. After making an incision into the right atrium, PBS containing 10 mM EDTA was injected into the left ventricle to wash out blood from each tissue. Lung, liver and spleen samples were obtained and frozen in liquid nitrogen. The blood and tissue samples were stored at -80°C until DNA extraction.
Southern blot analysis DNA was isolated from blood or tissue samples by the protocol of Qiagen. Sample DNA was dissolved in 1 × TAE and 2.5 mg/ml dextran sulfate buffer and left for 1 h. DNA was separated by electrophoresis on 0.8% agarose in 1 × TAE buffer at 70 V. DNA was transferred by standard Southern blot procedures to Genescreen hybridization transfer membrane (Dupont NEN, Boston, MA, USA). After cross-linking of DNA to the filter, membranes were prehybridized to the probe at 65°C for 3 h in Express Hyb (Clontech, Palo Alto, CA, USA), and then hybridized to the probe which was luciferase, randomprimed 32 P-labeled XbaI and NcoI digest fragment, at 65°C for 3 h. The membranes were washed in 2 × SSC, 0.1% SDS at 60°C four times, and then three times in 0.1 × SSC, 0.1% SDS at 60°C. The membranes were exposed to a Fuji Imaging Plate (Fuji Photo Film, Tokyo, Japan). The radioactive bands were determined by a Fuji BAS 2000 image analyzer (Fuji Photo Film).
Measurement of luciferase activity
Luciferase gene expression was measured by luminescence according to the method as previously described. 44 For cell culture experiments, the medium was removed and the cells were washed twice with PBS. Cells were lysed with cell lysis buffer (Promega) and mixed by vortexing. For in vivo expression experiments, the mice were killed by cervical dislocation, and lung, heart, spleen, liver, kidney and descending aorta were obtained and washed with cold PBS twice. The organs were homogenized in lysis buffer using a Polytron. The lysate was centrifuged at 14000 g for 10 min at 4°C and 20 l of the supernatant was analyzed for luciferase activity using a Luminous CT-9000D (Dia-Iatron, Tokyo, Japan) luminometer. The relative light units/s were converted into the amount of luciferase (pg) using a luciferase standard curve which was obtained by diluting recombinant luciferase (Promega) in lysis buffer.
